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ABSTRACT
We analyse N-body and Smoothed Particle Hydrodynamic (SPH) simulations of young
star-forming regions to search for differences in the spatial distributions of massive
stars compared to lower-mass stars. The competitive accretion theory of massive star
formation posits that the most massive stars should sit in deeper potential wells than
lower-mass stars. This may be observable in the relative surface density or spatial
concentration of the most massive stars compared to other, lower-mass stars. Massive
stars in cool–collapse N-body models do end up in significantly deeper potentials, and
are mass segregated. However, in models of warm (expanding) star-forming regions,
whilst the massive stars do come to be in deeper potentials than average stars, they are
not mass segregated. In the purely hydrodynamical SPH simulations, the massive stars
do come to reside in deeper potentials, which is due to their runaway growth. However,
when photoionisation and stellar winds are implemented in the simulations, these
feedback mechanisms regulate the mass of the stars and disrupt the inflow of gas into
the clouds’ potential wells. This generally makes the potential wells shallower than in
the control runs, and prevents the massive stars from occupying deeper potentials. This
in turn results in the most massive stars having a very similar spatial concentration
and surface density distribution to lower-mass stars. Whilst massive stars do form via
competitive accretion in our simulations, this rarely translates to a different spatial
distribution and so any lack of primordial mass segregation in an observed star-forming
region does not preclude competitive accretion as a viable formation mechanism for
massive stars.
Key words: stars: formation – massive – kinematics and dynamics – star clusters:
general – methods: numerical
1 INTRODUCTION
Massive stars (>20M⊙) play a crucial role in astrophysics.
They are the dominant component of the luminosity of
young star-forming regions and star clusters, and their high
core temperatures, powerful winds and inability to support
themselves through electron degeneracy pressure leads to the
chemical enrichment of the Universe through their collective
stellar evolution and explosions as supernovae.
Despite their importance, theories that explain the
formation of massive stars in star-forming environments
have not yet converged on a common formation chan-
nel (Tan et al. 2014), with two very different formation
mechanisms proposed in the literature (see the review by
Zinnecker & Yorke 2007). Competitive accretion (Zinnecker
⋆ E-mail: R.Parker@sheffield.ac.uk
† Royal Society Dorothy Hodgkin Fellow
1982; Bonnell et al. 1997; Bonnell et al. 1998; Bonnell et al.
2001; Bonnell et al. 2004) posits that all stars are initially
Jeans-mass objects, and those that have access to larger
gas reservoirs then grow more massive. On the other hand,
monolithic collapse predicts a more top-down formation sce-
nario (McKee & Tan 2003; Krumholz et al. 2005) and sug-
gests that the mass of the prestellar core is the determining
factor in how massive a star will eventually become.
One possible way to determine which (if either) of the
monolithic collapse and competitive accretion scenarios is
the dominant channel of massive star formation is to look
for differences in the spatial distributions of the massive stars
with respect to lower-mass stars. In particular, competitive
accretion posits that the most massive stars grow from low-
mass seeds due to their preferential position in the potential
and so they can accrete more gas (Bonnell et al. 1997). A
prediction of the competitive accretion theory is therefore
that the most massive stars should sit deeper in the poten-
c© 2016 The Authors
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tial well of their host protocluster or star–forming region.
Interestingly, for the monlithic collapse scenario to be effi-
cient, the massive prestellar core must be centrally located
within the gas clump (McKee & Tan 2003), which would
also predict some degree of primordial mass segregation (see
the discussion in section 8 of Moeckel & Bonnell 2009a).
If massive stars do sit in a deeper potential, then we
might expect that once formed they will be more spatially
concentrated than the average–mass star. However, no stud-
ies have shown whether there is a direct correlation between
potential and spatial distribution.
Furthermore, observations are inconclusive as to
whether massive stars do form with a different spatial dis-
tribution due to difficulties in observing massive star (and
concurrent low-mass star) formation, although this is chang-
ing rapidly due the advent of observational facilities such as
ALMA (e.g. Henshaw et al. 2017).
Mass segregation – where the most massive stars are
more spatially concentrated than average stars – has been
observed in some star-forming regions and clusters with
ages 1 – 10Myr (Allison et al. 2009a; Pang et al. 2013)
but not in others (Wright et al. 2014; Gennaro et al. 2017;
Parker & Alves de Oliveira 2017). Furthermore, several au-
thors have shown that dynamical mass segregation oc-
curs rapidly (McMillan et al. 2007; Allison et al. 2009b;
Moeckel & Bonnell 2009b; Allison et al. 2010; Olczak et al.
2011; Parker et al. 2014, 2016), which could account for the
observed clusters that do show mass segregation.
The lack of mass segregation in some star-forming re-
gions and clusters, and the ease with which a region can
dynamically segregate, suggests that the early stages of mas-
sive star formation does not lead to, nor require the massive
stars being in a different spatial configuration to the lower-
mass stars. However, it is unclear whether this in turn rules
out competitive accretion as being the dominant channel for
high mass star formation.
Simulations can provide information on the earliest
stages of star formation, and in this paper we examine five
sets of SPH simulations from Dale et al. (2014) to determine
whether the most massive stars that form through compet-
itive accretion (a) sit in a deeper potential, (b) are more
spatially concentrated and (c) are in regions of higher sur-
face densities, than the average stars.
The paper is organised as follows. In Section 2 we de-
scribe the metrics we use to quantify the spatial distribution
of massive stars in our simulations. In Section 3 we first de-
scribe the evolution of the spatial distribution of massive
stars for pure N-body simulations of star-forming regions
with different initial conditions (collapsing versus expand-
ing). We then quantify the potential, spatial concentration
and relative density of the most massive stars in SPH simu-
lations immediately after star formation and then at various
stages in their later dynamical evolution. We provide a dis-
cussion in Section 4 and we conclude in Section 5.
2 METHOD
In this Section we first describe the three metrics used to
quantify the relative spatial distribution of the most massive
stars in a star-forming region compared to lower-mass stars,
before describing the N-body and SPH simulations used to
follow the dynamical evolution of our simulated star-forming
regions.
2.1 Quantifying the spatial distributions of stars
2.1.1 The potential difference ratio, ΦPDR
To search for differences between the gravitational potential
of massive stars and lower-mass stars in our simulations we
determine the gravitational potential, Φ j, for each star in
the simulation:
Φ j = −
∑ mi
ri j
, (1)
where mi is the i
th star in the summation, and ri j is the dis-
tance to the ith star. In an analagous method to the surface
density – mass distribution method (Maschberger & Clarke
2011, see below), we plot Φ j against m j for each star. We
then compare the median potential of different subsets of
stars using the potential difference ratio.
The potential difference ratio, PDR, is defined as:
ΦPDR =
Φ˜10
Φ˜all
, (2)
where Φ˜10 is the median potential of the 10 most massive
stars, and Φ˜all is the median potential of the entire cluster.
If ΦPDR > 1 then the most massive stars sit deeper in the
potential than the average star and we quantify the signifi-
cance of this by means of a Kolmogorov-Smirnov (KS) test
on the cumulative distribution of the stars, ranked by their
potentials, where we reject the hypothesis that the two sub-
sets are drawn from the same underlying distribution if the
KS p-value is less than 0.1. This methodology is analogous
to that used to define the local surface density ratio, ΣLDR
(see below), but as we shall see in the following sections, the
two metrics do not measure the same thing.
2.1.2 The mass segregation ratio, ΛMSR
A common method used to quantify the spatial distribution
of massive stars in star-forming regions is to use the Mini-
mum Spanning Tree (MST) approach (Allison et al. 2009a;
Parker & Goodwin 2015). We define the ‘mass segregation
ratio’ (ΛMSR) as the ratio between the average MST path-
length of 10 randomly chosen stars in a star-forming region
and and that of the 10 most massive stars:
ΛMSR =
〈laverage〉
l10
+σ5/6/l10
−σ1/6/l10
. (3)
There is a dispersion associated with the average length of
randomMSTs, which is roughly Gaussian and can be quanti-
fied as the standard deviation of the lengths 〈laverage〉±σaverage.
However, we conservatively estimate the lower (upper) un-
certainty as the MST length which lies 1/6 (5/6) of the way
through an ordered list of all the random lengths (corre-
sponding to a 66 per cent deviation from the median value,
〈laverage〉). This determination prevents a single outlying ob-
ject from heavily influencing the uncertainty.
If ΛMSR > 1, then the most massive stars are more spa-
cially concentrated than the average stars, and we desig-
nate this as significant if the lower error bar also exceeds
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unity. Note that ΛMSR can be too sensitive in that it some-
times finds that random fluctuations in low-number distri-
butions lead to mass segregation according to our definition
(Parker & Goodwin 2015). Parker & Goodwin (2015) sug-
gest that any values of ΛMSR less than 2 should be treated
with caution, even if the error bars suggest they significantly
deviate from unity.
2.1.3 The local surface density ratio, ΣLDR
In addition to quantifying whether the most massive
stars are mass segregated, we also determine the rela-
tive local surface density of the most massive stars com-
pared to lower-mass stars (Maschberger & Clarke 2011;
Ku¨pper et al. 2011). We define the local surface density
around each star, Σ as
Σ =
N − 1
πr2
N
, (4)
where rN is the distance to the N
th nearest neighbour, N. We
adopt N = 10 throughout this work.
We divide the median Σ for the ten most massive stars,
Σ˜10 by the median value for all the stars Σ˜all to define a ‘local
density ratio’, ΣLDR (Parker et al. 2014):
ΣLDR =
Σ˜10
Σ˜all
. (5)
If ΣLDR > 1 then the most massive stars are in areas of
higher local surface density than the average star and we
quantify the significance of this by means of a KS test on
the cumulative distribution of the stars, ranked by their
local surface densities, where we reject the hypothesis
that the two subsets are drawn from the same underlying
distribution if the KS p-value is less than 0.1.
Throughout the analysis in this paper, we have cho-
sen to compare the measured diagnostics for the ten most
massive stars to those measured for the entire star-forming
region. First, we note that the total number of stars varies
between simulations. Usually we have several hundred stars,
but several of our simulations have fewer than 100 stars.
Parker & Goodwin (2015) show that robust quantification
of mass segregation can be made by comparing the 10 most
massive stars to the full distribution in star-forming regions
with several hundred stars.
Each of our statistical measures of the significance of
any preferential spatial distribution for the most massive
stars are asking the data whether there is a clear depar-
ture from the distribution of stars for the entire mass range.
Therefore, such departures are harder to detect in low-N
systems (<100 stars). However, we choose not to vary the
number of stars in the most massive subset as a function
of the total number of stars in a region because dynamical
mass segregation (when it occurs) ususally operates on more
than the ten most massive stars (Parker et al. 2014, 2016),
even in regions of 200 stars or fewer, so any mass segregation
(primordial or dynamical) should be detectable in at least
this size of subset.
2.2 Simulations of star-forming regions
2.2.1 Pure N-body simulations
We first examine the evolution of pure N-body simulations
of star-forming regions to compare the evolution of the three
metrics used to quantify the spatial distributions of massive
stars compared to low-mass stars. These N-body simulations
are taken from Parker et al. (2014) and we refer the inter-
ested reader to that paper for full details of the simulation
set-up. We briefly summarise the simulations below.
We follow the evolution of two types of simulation,
each containing N = 1500 stars in a substructured (frac-
tal) distribution set up according to the prescription in
Goodwin & Whitworth (2004). The fractal dimension is D =
1.6, corresponding to a high level of substructure, and the
velocities are correlated on local scales (see e.g. Parker et al.
2014; Parker & Wright 2016). We draw masses from the for-
mulation of the IMF presented in Maschberger (2013), which
has the form
p(m) ∝
(
m
µ
)−α 1 +
(
m
µ
)1−α
−β
. (6)
Here, µ = 0.2M⊙ is the average stellar mass, α = 2.3 is the
Salpeter (1955) power-law exponent for higher mass stars,
and β = 1.4 is used to describe the slope of the IMF for low-
mass objects (which also deviates from the log-normal form;
Bastian, Covey & Meyer 2010). Finally, we sample from this
IMF within the mass range mlow = 0.01M⊙ to mup = 50M⊙.
The velocities of stars are then scaled to the desired
virial ratio, αvir = T/|Ω|, where T and |Ω| are the total kinetic
energy and total potential energy of the stars, respectively. A
star-forming region is in virial equilibrium if αvir = 0.5. One
set of simulations are subvirial (αvir = 0.3), i.e. collapsing,
and the other set are supervirial (αvir = 1.5), i.e. expanding.
The simulations are evolved for 10Myr using the 4th or-
der Hermite-scheme integrator kira within the Starlab en-
vironment (e.g. Portegies Zwart et al. 1999, 2001). Stellar
evolution is also implemented using the SeBa stellar evolu-
tion package in Starlab (Portegies Zwart & Verbunt 1996,
2012), which provides look-up tables for the evolution of
stars according to the time dependent mass-radius relations
in Eggleton, Fitchett & Tout (1989) and Tout et al. (1996).
A summary of the simulations is given in Table 1.
2.2.2 SPH simulations with subsequent N-body evolution
The SPH simulations are taken from Dale et al. (2014) and
the detailed set-up is described in those papers. Briefly,
Dale et al. (2014) evolve five SPH simulations of Giant
Molecular Clouds with different mass, radius and initial
virial ratio. Each simulation is forked, when a few massive
stars have formed, into a control run and a feedback run,
in which the effects of photoionisation and stellar winds are
included. The simulations are evolved for as close as numer-
ically feasible to 3Myr after the formation of the first few
massive stars. After this time, the first supernova explosions
are expected, which are not yet modelled, so the SPH models
terminate at this point.
After the SPH simulations are stopped, we remove any
remaining gas and evolve the sink particles as a pure N-body
calculation for a further 10Myr using the kira integrator
(Portegies Zwart et al. 1999, 2001), including the effects of
MNRAS 000, 1–12 (2016)
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stellar evolution from look-up tables in the SeBa package
(Portegies Zwart & Verbunt 1996, 2012). We do not alter
the velocities of the stars to compensate for the sudden re-
moval of the gas potential. However, we note that prelim-
inary tests in our earlier work (Parker & Dale 2013, their
section 4.1) found minimal differences between simulations
in which the velocities of the sink particles were rescaled af-
ter gas removal to be in global virial equilibrium before the
N-body evolution commenced.
Following the transition from SPH to N-body, we do
not see the formation of close binaries, or the rapid ejection
of stars. This is in part be due to the fact that the sink
particles reside in stellar-dominated potentials long before
the removal of the gas (i.e. the end of the SPH simulations)
and therefore removing the gas somewhat artificially does
not drastically influence the behaviour of the sink particles.
Furthermore, Parker & Dale (2013) found that spatial
structure of the sink particles is preserved during the tran-
sition from SPH to N-body, meaning that any primordial
mass segregation is not erased simply due to removing the
gas potential – rather if it is erased it will be due to a combi-
nation of later dynamical and/or stellar evolution (see also
Moeckel & Bonnell 2009a). In a future paper we will inves-
tigate in detail the effects of different scalings for the sink
particle velocities (e.g. cold, subvirial, virialised) on the long-
term survival of the clusters.
The N-body evolution of the sink particles for the five
pairs of simulations is described in detail in Parker & Dale
(2013) and Parker et al. (2015) and we refer the interested
reader to those papers. The simulation id, number of sink
particles, total mass in sink particles and median sink par-
ticle mass are given in Table 2.
3 RESULTS
In this section we first describe the evolution of the potential
difference ratio (ΦPDR), mass segregation (ΛMSR) and relative
surface densities (ΣLDR) of massive stars in our pure N-body
simulations, before discussing the evolution of the these met-
rics in our SPH simulations.
3.1 Cool-collapse N-body simulation
In Fig. 1 we show the evolution of a subvirial star-forming
region that collapses to form a cluster. We show the potential
for each star as a function of distance from the centre of the
region along the x-axis at 0Myr (Fig 1(a)), 4Myr (Fig. 1(b))
and 10Myr (Fig. 1(c)). In all three panels, the red triangle
symbols are the ten most massive stars in the simulation.
Initially, the potential is rather uniform in that the most
massive stars do not reside in a deeper potential well com-
pared to low-mass stars. The initial substructure is then
erased, and the potential becomes visibly smoother. As the
cluster evolves, the potential well becomes shallower (i.e. the
whole cluster becomes less strongly bound – panels b and
c), but the most massive stars visibly sit in a much deeper
potential than the lower-mass stars.
We show the potential as a function of mass for
every star in the simulation at 0, 4 and 10Myr in
Figs. 1(d), 1(e) and 1(f), respectively. In all panels, the me-
dian potential for the entire star-forming region is shown by
the horizontal dashed line, and the median potential for the
most massive stars is shown by the horizontal solid line. In
this example, the massive stars initially are not in deeper po-
tentials than average, but after 4Myr they are significantly
deeper. The region as a whole evolves to a shallower po-
tential due to the subsequent dynamical evolution, but the
massive stars still reside in deeper potentials than average
after 10Myr.
In Fig. 1(g) we show the evolution of the median poten-
tial for all stars (the solid line) and the median potential for
the 10 most massive stars (the dashed line). Where the dif-
ference between these potentials is not significant, we plot a
red filled circle. A clear difference in potential for the most
massive stars is apparent after the first 0.5Myr (the mas-
sive stars sit in a deeper potential). The evolution of the
mass segregation ratio, ΛMSR, is shown in Fig. 1(h). The re-
gion is not mass segregated initially, but violent relaxation
leads to dynamical mass segregation within the first 5Myr.
In Fig. 1(i) we show the evolution of ΣLDR, which traces the
local surface density around the most massive stars com-
pared to the local surface density around all stars. The mas-
sive stars soon reside in areas of higher than average surface
density (often because they are in the central regions of the
cluster).
In summary, star-forming regions in cool collapse lead to
the most massive stars sitting in deeper potentials than aver-
age, which would be observable as strong mass segregation,
and high local surface density for the most massive stars.
The results for the pure N-body models are summarised in
Table 1.
3.2 Warm-expansion N-body simulation
In Fig. 2 we show the evolution of a supervirial star-forming
region that expands to form an association. We show the
potential for each star as a function of distance from the
centre of the region along the x-axis at 0Myr (Fig 2(a)),
4Myr (Fig. 2(b)) and 10Myr (Fig. 2(c)). In all three panels,
the red triangle symbols are the ten most massive stars in
the simulation.
Because the potential is defined solely by the positions
and masses of the stars with no dependence on velocity, the
form of the initial potential is similar to the subvirial sim-
ulations presented in Fig. 1. Initially, the massive stars do
not reside in deeper potentials than the lower-mass stars.
As the region evolves, the initial substructure is partially
erased and on average the stars reside in a shallower poten-
tial. Because the global motion of the region is expansion,
the most massive stars evolve as quasi-isolated sub-systems,
often dominating their immediate surroundings. This is ap-
parent in Figs. 2(b) and 2(c), which display stalactite-like
features in the potential, with the most massive stars resid-
ing at the base of each individual potential well.
We show the potential as a function of mass for
every star in the simulation at 0, 4 and 10Myr in
Figs. 1(d), 1(e) and 1(f), respectively. In all panels, the me-
dian potential for the entire star-forming region is shown
by the horizontal dashed line, and the median potential for
the most massive stars is shown by the horizontal solid line.
As in the subvirial regions, the massive stars initially are
not in deeper potentials than average, but after 4Myr they
are significantly deeper. The region as a whole also evolves
MNRAS 000, 1–12 (2016)
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Table 1. Summary of the results from the N-body simulations. The columns display the type of simulation, corresponding initial virial
ratio, and the number of particles, N, then we show at 0, 2, and 10Myr whether the potential difference ratio ΦPDR >> 1, the mass
segregation ratio ΛMSR >> 1 and the local surface density ratio ΣLDR >> 1. If these ratios do not significantly exceed unity, the entry is
left blank.
Type αvir N Time (Myr) ΦPDR >> 1? ΛMSR >> 1? ΣLDR >> 1?
0
Cool collapse 0.3 1500 2 + + +
10 + + +
0
Warm expansion 1.5 1500 2 + +
10 + +
Table 2. Summary of the results from the SPH simulations and their subsequent dynamical evolution. The columns display the run
ID, whether feedback was switched on, and the number of sink particles, Nsinks, the SPH mass resolution limit, mres, the total stellar
(sink particle) mass, Mregion, the median sink particle mass, m˜sink, then we show at 0, 2, and 10Myr whether the potential difference ratio
ΦPDR >> 1, the mass segregation ratio ΛMSR >> 1 and the local surface density ratio ΣLDR >> 1. If these ratios do not significantly exceed
unity, the entry is left blank.
Run ID Feedback Nsinks mres Mregion m˜sink Time (Myr) ΦPDR >> 1? ΛMSR >> 1? ΣLDR >> 1?
0 + +
J Off 578 1M⊙ 3207M⊙ 3.6M⊙ 2 +
10 +
0 +
J Dual 564 1M⊙ 2186M⊙ 2.1M⊙ 2 + +
10 +
0 + + +
I Off 186 1M⊙ 1271M⊙ 2.7M⊙ 2 +
10 + + +
0
I Dual 132 1M⊙ 766M⊙ 3.0M⊙ 2
10 +
0 +
UF Off 66 3M⊙ 1392M⊙ 4.8M⊙ 2 +
10 + +
0
UF Dual 93 3M⊙ 841M⊙ 6.5M⊙ 2 + +
10 +
0 + +
UP Off 340 3M⊙ 2718M⊙ 4.4M⊙ 2 +
10
0 +
UP Dual 343 3M⊙ 1926M⊙ 3.4M⊙ 2 +
10 +
0 + +
UQ Off 48 3M⊙ 723M⊙ 6.3M⊙ 2 +
10
0 +
UQ Dual 77 3M⊙ 594M⊙ 4.7M⊙ 2
10 + +
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(a) 0Myr (b) 4Myr (c) 10Myr
(d) Φ − m, 0Myr (e) Φ − m, 4Myr (f) Φ − m, 10Myr
(g) Evolution of the potential (h) Mass segregation evolution (i) Local surface density evolution
Figure 1. Evolution of the potential for a subvirial, substructured N-body simulation. In panels (a - c) red triangles indicate the positions
of the 10 most massive stars. In panels (d-f) we show the potential as a function of stellar mass for each object in the star-forming region.
The horizontal dashed lines show the median potential in the entire region, whereas the solid horizontal lines show the median potential
of the ten most massive stars. Panel (g) shows the evolution of the median potential with time for all stars (the solid line) and the 10
most massive stars (dashed line). A red circle is plotted at the times where the difference between the potential of the massive stars and
the lower-mass stars is not significant. In panel (h) we show the evolution of mass segregation as quantified by the ΛMSR parameter for
the same simulation. In panel (i) we show the evolution of the local surface density ratio for massive stars, ΣLDR. Where the difference is
not significant we plot a red circle.
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(a) 0Myr (b) 4Myr (c) 10Myr
(d) Φ − m, 0Myr (e) Φ − m, 4Myr (f) Φ − m, 10Myr
(g) Evolution of the potential (h) Mass segregation evolution (i) Local surface density evolution
Figure 2. Evolution of the potential for a supervirial, substructured simulation. In panels (a - c) red triangles indicate the positions of
the 10 most massive stars. In panels (d-f) we show the potential as a function of stellar mass for each object in the star-forming region.
The horizontal dashed lines show the median potential in the entire region, whereas the solid horizontal lines show the median potential
of the ten most massive stars. Panel (g) shows the evolution of the median potential with time for all stars (the solid line) and the 10
most massive stars (dashed line). A red circle is plotted at the times where the difference between the potential of the massive stars and
the lower-mass stars is not significant. In panel (h) we show the evolution of mass segregation as quantified by the ΛMSR parameter for
the same simulation. In panel (i) we show the evolution of the local surface density ratio for massive stars, ΣLDR. Where the difference is
not significant we plot a red circle.
MNRAS 000, 1–12 (2016)
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to a shallower potential due to the subsequent dynamical
expansion (albeit with less scatter than the subvirial star-
forming regions), but the massive stars still reside in deeper
potentials after 10Myr.
In Fig. 2(g) we show the evolution of the median po-
tential for all stars (the solid line) and the median potential
for the 10 most massive stars (the dashed line). Where the
difference between these potentials is not significant, we plot
a red filled circle. After several Myr, the most massive stars
in this supervirial simulation sit deeper in the potential than
the average stars.
In the evolution of the mass segregation ratio, ΛMSR,
shown in Fig. 2(h), the most massive stars are not more
concentrated than lower-mass stars, because the massive
stars have not interacted with each other and formed cen-
trally concentrated subsystems (which readily occurs during
cool-collapse, Allison et al. 2010; Parker et al. 2014, 2016).
In Fig. 2(i) we show the evolution of ΣLDR, which traces the
local surface density around the most massive stars com-
pared to the local surface density around all stars. As the
region evolves, the most massive stars sweep up retinues of
low-mass stars, and have higher surface densities than low-
mass stars.
As with the regions in cool collapse, in a supervirial,
expanding region the most massive stars also migrate to sit
in deeper potentials than the average stars. A spatial sig-
nature of this is that the most massive stars also reside in
areas of high local surface density, although they are not
mass segregated according to ΛMSR.
3.3 SPH simulations
We now take the five SPH simulations published in
Dale et al. (2014) and determine ΦPDR, ΛMSR and ΣLDR for
the sink particles at the end of the simulations. We then
evolve the sink particles in the N-body integrator for a fur-
ther 10Myr and determine ΦPDR, ΛMSR and ΣLDR and present
the values at 0Myr (after the SPH simulations are termi-
nated), 2Myr and 10Myr in Table 2. Each simulation is
represented by two rows in the table; one for the control
run, and the other for the run with dual feedback mecha-
nisms (photoionisation and stellar winds) switched on.
It is immediately apparent that the massive stars in the
clusters generated by the SPH simulations are, simply going
by the density of check marks in each column, likely to oc-
cupy deeper potentials than the low–mass stars (as traced
by ΦPDR), but unlikely either to be mass–segregated (as re-
vealed by ΛMSR) or to occupy regions of higher–than average
stellar surface density (as revealed by ΣLDR). With the ex-
ception of the cluster born in the Run I control simulation,
the agreement of the three metrics is very poor, implying
that they do not measure or trace the same properties of
the stellar systems. ΦPDR stands out in particular, and it is
evident from Table 2 that massive stars can occupy substan-
tially deeper potentials than low–mass stars without being
mass segregated or being in regions of unusually high stellar
surface density.
3.3.1 The control runs
The evolution of the control run simulations is shown in
Fig. 3. In all control run simulations, the massive stars re-
side in deeper stellar potentials than the average stars at
the end of the SPH simulation, but before the subsequent
N-body evolution. In one simulation (Run I – the green line)
the massive stars are significantly deeper within the poten-
tial, display marginal mass segregation according to ΛMSR
and the massive stars are in areas of higher surface density
according to ΣLDR. However, subsequent dynamical and stel-
lar evolution cause the significant ΛMSR and ΣLDR signals to
be erased after ∼2Myr, before stellar and dynamical evolu-
tion leads to a re-emergence of mass segregation and high
relative stellar surface densities after 8.5Myr. It is unclear
if the spatial distribution from star formation in this simu-
lation would be observable, given that it is erased so early
on.
In the remaining simulations, the massive stars reside in
areas of higher than average surface density at the end of the
SPH calculations in Runs J, UP and UQ (the red, cyan and
magenta lines, respectively). However, none of them display
mass segregation according to ΛMSR. Subsequent dynamical
and stellar evolution also leads to the presence (and absence)
of a different spatial distribution for the most massive stars
(either in ΛMSR or ΣLDR), suggesting that the spatial signature
of the initial conditions is rarely preserved until these regions
can be observed (at ages >1Myr).
3.3.2 Dual feedback runs
The evolution of the dual-feedback simulations is shown in
Fig. 4. In simulations Run UP (the cyan line) and UQ (ma-
genta line) the massive stars sit in a deeper potential than
the average stars. However, the subsequent dynamical evo-
lution of Run UQ erases this signature. The surface density
ratio ΣLDR does not exceed unity at the start of any of the
simulations and subsequent dynamical evolution tends not
to lead to high ΣLDR values. The only simulation that shows
strong mass segregation (ΛMSR > 2) is Run J (the red line)
between 8 and 9Myr.
The simulations demonstrate that the presence of
feedback significantly reduces the differences in the spatial
distributions of the most massive stars with respect to
the lower-mass stars, compared to the control runs where
feedback is not enabled.
The evolution of ΦPDR, ΛMSR and ΣLDR is much more
noisy in the control run simulations. In particular, in runs J
(red lines) and UF (dark blue lines) there are significant
changes in all three diagnostics between 3 and 5Myr. This
is because the control runs have a somewhat top-heavy IMF
due to the runaway growth of massive stars that is not reg-
ulated by feedback (Dale & Bonnell 2012; Dale et al. 2014).
These simulations each contain between five and ten stars
with initial masses >40M⊙ (control run UF has four stars
with initial masses >90M⊙), which rapidly evolve within
5Myr. As these stars lose mass through their individual stel-
lar evolution, they drop out of the subset of the ten most
massive stars and so the diagnostics change rapidly. This
merely serves to highlight one of the many challenges of
quantifying mass segregation; stars not only move, but the
X most massive stars in a cluster of a given age may not
correspond to the X most massive stars at formation.
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(a) Evolution of the potential (b) Mass segregation evolution (c) Local surface density evolution
Figure 3. Evolution of (a) the potential difference ratio, ΦPDR, (b) the mass segregation ratio, ΛMSR, and (c) the local surface density
ratio ΣLDR, in the N-body evolution from Parker et al. (2015), which uses the simulations from Dale & Bonnell (2012); Dale et al. (2014)
without feedback switched on. A filled symbol is plotted where the deviation from unity is not significant (based on the numerical
experiments in Parker & Goodwin (2015) ΛMSR < 2σ from unity, and for ΣLDR and ΦPDR KS test p-values >0.1 are insignificant departures
from unity). The colours correspond to the following simulations: red – run J; green – run I; dark blue – run UF; cyan – run UP; magenta
– run UQ.
(a) Evolution of the potential (b) Mass segregation evolution (c) Local surface density evolution
Figure 4. Evolution of (a) the potential difference ratio, ΦPDR, (b) the mass segregation ratio, ΛMSR, and (c) the local surface density
ratio ΣLDR, in the N-body evolution from Parker et al. (2015), which uses the simulations from Dale & Bonnell (2012); Dale et al. (2014)
with dual feedback switched on. A filled symbol is plotted where the deviation from unity is not significant (based on the numerical
experiments in Parker & Goodwin (2015) ΛMSR < 2σ from unity, and for ΣLDR and ΦPDR KS test p-values >0.1 are insignificant departures
from unity). The colours correspond to the following simulations: red – run J; green – run I; dark blue – run UF; cyan – run UP; magenta
– run UQ.
3.3.3 Evolution of the stellar potentials during star
formation
In the SPH control run simulations where no feedback is en-
abled, the most massive stars end up in significantly deeper
potentials than the lower mass stars in the clusters. In Fig. 5
we show the evolution of the potential in a typical simu-
lation (Run J). The massive stars end up in significantly
deeper potentials than the low mass stars only towards the
end of the SPH simulations, suggesting that this is a stellar
dynamical effect rather than something related to the star
formation process itself. This is further corroborated by the
centre panel of Fig. 5, which shows that, for much of the
simulation, the massive stars do not sit in deeper regions
of gas potential, but that they do occupy regions of deeper
stellar potential. If we examine the potential as a function
of sink-particle mass at the end-point of this SPH simula-
tion (3.49Myr, Fig. 6), we clearly see that the total poten-
tial (panel a) is dominated by the potential of the stars,
rather than the gas. This is a consequence of the findings
of Dale et al. (2015), who show that the stars in the SPH
simulations very soon find themselves in stellar–dominated
potentials.
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Figure 5. Evolution of the median potentials of the ten most massive stars (dashed lines) and of all stars (solid lines) in the SPH
control run J, in the case where the total potential (left panel), the gas potential (centre panel) or the stellar potential (right panel) are
computed. Where the difference between these values is not significant, we plot a filled red circle.
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Figure 6. Potential versus mass at the end-point (3.49Myr) of the SPH control run J for the total potential (left panel), the gas potential
(centre panel) or the stellar potential (right panel).
4 DISCUSSION
The first goal of our analysis was to understand how the
potential of massive stars with respect to lower-mass stars
in a star-forming region relates to the spatial distribution.
The pure N-body simulations discussed in Section 3.1 have
very dense (> 103 M⊙ pc
−3) initial conditions, and undergo
extensive dynamical evolution in the first 10Myr.
In simulations of subvirial regions undergoing cool col-
lapse, the most massive stars rapidly sink into deeper po-
tentials than the lower-mass stars, and because the massive
stars end up in the centre of the cluster, strong signatures
of both mass segregation (ΛMSR >> 1) and higher surface
densities than the lower-mass stars (ΣLDR >> 1) occur. For
these collapsing star-forming regions, the three metrics we
use to quantify the relative spatial distribution of the most
massive stars are all in agreement.
However, Parker & Goodwin (2015) show that ΛMSR
and ΣLDR do not always trace the same spatial distribu-
tions in star-forming regions with non-spherical geome-
tries. This is apparent in our N-body simulations of star-
forming regions that are initially supervirial, i.e. expanding.
The massive stars dominate their local environment, which
leads to them sitting in deeper potentials compared to low-
mass stars. By sitting in deeper potentials, the massive
stars can acquire retinues of low-mass stars (they are ef-
fectively accreting sub-clusters) and this is shown by the
ΣLDR ratio, which increases as the simulation progresses. In
these supervirial simulations the massive stars rarely inter-
act with each other, and the cluster therefore does not be-
come mass segregated. These results immediately demon-
strate that the most massive stars can sit in deeper po-
tential wells, but not display mass segregation (either in
ΛMSR, or in a similar tracer of central concentration, such
as comparing radial mass functions of subsets of stars – see
e.g. Hillenbrand & Hartmann 1998; Gouliermis et al. 2004;
Littlefair et al. 2004; Parker & Goodwin 2015).
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In our SPH control run simulations of star formation,
the massive stars usually sit in deeper potential wells than
the lower-mass stars, and this is often reflected by the high
relative surface density at the ends of the SPH simulations,
and therefore the beginning of the N-body calculations.
However, stellar and dynamical evolution generally erases
this signature in <2Myr. These regions are spatially sub-
structured (Parker & Dale 2013), and do not display promi-
nent mass segregation according to ΛMSR.
In the control simulations, accretion by the massive
stars is entirely unregulated by feedback and they are able
to grow to large masses, in excess of 100M⊙ in some cases.
These very large masses lead to large values of both ΦPDR and
ΣLDR, as the very massive stars occupy deep potentials into
which gas is continuously funnelled and where large numbers
of low–mass stars are able to form.
In the SPH simulations that also include feedback from
winds and photoionisation, the massive stars generally do
not sit in deeper potentials. In these calculations, feedback
disrupts the flows delivering gas into the clouds’ main po-
tential wells, clearing the clusters of gas. This has the effect
of arresting the growth of the most massive stars, making
the cluster potentials shallower with respect to those in the
control simulations, and redistributing stars and star for-
mation over larger volumes. This reduces ΦPDR as well as
ΣLDR (Parker & Dale 2013; Parker et al. 2015). In simula-
tions that include magnetic fields (e.g. Myers et al. 2014),
high ΣLDR values are reported, which may be due to the
magnetic fields constraining gas in rather small star-forming
volumes. Myers et al. (2014) do not report on whether the
massive stars sit deeper in the potential, but as we have
seen, a high ΦPDR ratio will often (but not always) present
itself in tandem with a high ΣLDR value.
It is clear from our results that ΦPDR, ΛMSR and ΣLDR
are measuring very different properties of the spatial dis-
tributions of the most massive stars. Typically, ΦPDR is sig-
nificantly higher than unity more often than ΣLDR , which
in turn is significantly higher than unity more often than
ΛMSR. We interpret this as being due to different levels of
interaction of the most massive stars with both each other,
and their surroundings. The occurrence of massive stars in
deeper potentials than average is either driven by signifi-
cant accretion of gas in the SPH simulations (which is not
always directly related to interactions with other stars), or
by the massive stars dominating their local environment in
the N-body simulations. A significant ΣLDR ratio only occurs
if the massive stars are dominating their environment in the
regime of stellar interactions. Finally, a high ΛMSR usually
only occurs if the massive stars have interacted with each
other.
In the simulations we present here, massive stars do
form from competitive accretion, but this does not always
translate into an observable difference in their spatial dis-
tribution compared to lower-mass stars, even in the purely
hydrodynamical control runs. When extra physics such as
feedback is included, the massive stars are less likely to re-
side in deeper potentials, and consequently display even less
of a spatial signature of competitive accretion than in the
control runs.
Following star formation, dynamical interactions alter
the initial spatial distribution, often on rapid timescales
(see also McMillan et al. 2007; Allison et al. 2009b;
Moeckel & Bonnell 2009b; Allison et al. 2010; Olczak et al.
2011; Parker et al. 2014), which further confuses the in-
terpretation of mass segregation or enhanced surface den-
sity in young star-forming regions and clusters. Recently,
Kuznetsova et al. (2015) have shown that mass segregation
is accelerated even during the star formation process if the
gas from which stars form is subvirial.
Our intepretation of these results is that a spatial sig-
nature of competitive accretion would not be observable in
a young star-forming region, even if it plays a dominant
role in the formation of massive stars. We emphasize that
our results do not preclude competitive accretion (or indeed
monolithic collapse) from being the main formation channel
for massive stars; rather, any spatial signature it imprints
in the distribution of massive stars either does not exist, or
cannot be identified with current methods to any statistical
significance.
5 CONCLUSIONS
We analyse N-body simulations of the evolution of star-
forming regions and SPH simulations of star formation to
look for differences in the spatial distribution of the most
massive stars compared to lower-mass stars. In particular,
we examine whether the most massive stars that form from
competitive accretion sit in deeper potentials, and whether
this translates into a different observable spatial distribu-
tion. Our conclusions are the following:
(i) In N-body simulations of subvirial (collapsing) star-
forming regions, the massive stars move to deeper poten-
tials, are more centrally concentrated, and have higher sur-
face densities than the lower-mass stars in the region. In
supervirial (expanding) simulations, the massive stars move
to deeper potentials, and also collect retinues of lower-mass
stars so their relative surface densities are higher than the
average in the star-forming region. However, because the
massive stars rarely interact with each other in these ex-
panding regions, they do not mass segregate.
(ii) In purely hydrodynamical SPH simulations of star-
formation, the most massive stars tend to reside in deeper
potential wells than the lower-mass stars following star for-
mation. This often (but not always) translates into high rel-
ative surface densities for the most massive stars.
(iii) When feedback from photoionisation and stellar
winds is included in the SPH simulations, massive stars can
form via competitive accretion, but their formation is reg-
ulated by the feedback and the runaway growth of massive
stars does not occur. The net result of this is that fewer
simulations display high differences in the potential and lo-
cal surface density of massive stars compared to lower-mass
stars.
(iv) Massive stars can subsequently move into deeper
potentials, attain high relative surface densities and mass
segregate as the star-forming regions dynamically evolve.
(v) Our results suggest that primordial mass segrega-
tion, or any other preferential spatial distribution of massive
stars, should not be expected from the competitive accretion
formation mechanism. We emphasize that this does not pre-
clude competitive accretion as a viable formation channel
for massive stars, but rather that no observable signature
would be expected.
MNRAS 000, 1–12 (2016)
12 R. J. Parker & J. E. Dale
ACKNOWLEDGMENTS
We thank the anonymous referee for their comments and
suggestions. RJP acknowledges support from the Royal So-
ciety in the form of a Dorothy Hodgkin Fellowship.
REFERENCES
Allison R. J., Goodwin S. P., Parker R. J., Portegies Zwart S. F.,
de Grijs R., Kouwenhoven M. B. N., 2009a, MNRAS, 395,
1449
Allison R. J., Goodwin S. P., Parker R. J., de Grijs R., Portegies
Zwart S. F., Kouwenhoven M. B. N., 2009b, ApJ, 700, L99
Allison R. J., Goodwin S. P., Parker R. J., Portegies Zwart S. F.,
de Grijs R., 2010, MNRAS, 407, 1098
Bastian N., Covey K. R., Meyer M. R., 2010, ARA&A, 48, 339
Bonnell I. A., Bate M. R., Clarke C. J., Pringle J. E., 1997, MN-
RAS, 285, 201
Bonnell I. A., Bate M. R., Zinnecker H., 1998, MNRAS, 298, 93
Bonnell I. A., Bate M. R., Clarke C. J., Pringle J. E., 2001, MN-
RAS, 323, 785
Bonnell I. A., Vine S. G., Bate M. R., 2004, MNRAS, 349, 735
Dale J. E., Bonnell I. A., 2012, MNRAS, 422, 1352
Dale J. E., Ngoumou J., Ercolano B., Bonnell I. A., 2014,
MNRAS, 442, 694
Dale J. E., Ercolano B., Bonnell I. A., 2015, MNRAS, 451, 987
Eggleton P. P., Fitchett M. J., Tout C. A., 1989, ApJ, 347, 998
Gennaro M., Goodwin S. P., Parker R. J., Allison R. J., Brandner
W., 2017, MNRAS, submitted
Goodwin S. P., Whitworth A. P., 2004, A&A, 413, 929
Gouliermis D., Keller S. C., Kontizas M., Kontizas E., Bellas-
Velidis I., 2004, A&A, 416, 137
Henshaw J. D., et al., 2017, MNRAS, 464, L31
Hillenbrand L. A., Hartmann L. W., 1998, ApJ, 492, 540
Krumholz M., McKee C. F., Klein R., 2005, Nature, 438, 332
Ku¨pper A. H. W., Maschberger T., Kroupa P., Baumgardt H.,
2011, MNRAS, 417, 2300
Kuznetsova A., Hartmann L., Ballesteros-Paredes J., 2015, ApJ,
815, 27
Littlefair S. P., Naylor T., Harries T. J., Retter A., O’Toole S.,
2004, MNRAS, 347, 937
Maschberger T., 2013, MNRAS, 429, 1725
Maschberger T., Clarke C. J., 2011, MNRAS, 416, 541
McKee C. F., Tan J. C., 2003, ApJ, 585, 850
McMillan S. L. W., Vesperini E., Portegies Zwart S. F., 2007,
ApJL, 655, L45
Moeckel N., Bonnell I. A., 2009a, MNRAS, 396, 1864
Moeckel N., Bonnell I. A., 2009b, MNRAS, 400, 657
Myers A. T., Klein R. I., Krumholz M. R., McKee C. F., 2014,
MNRAS, 439, 3420
Olczak C., Spurzem R., Henning T., 2011, A&A, 532, 119
Pang X., Grebel E. K., Allison R. J., Goodwin S. P., Altmann M.,
Harbeck D., Moffat A. F. J., Drissen L., 2013, ApJ, 764, 73
Parker R. J., Alves de Oliveira C., 2017, MNRAS, in press (arXiv:
1703.08547)
Parker R. J., Dale J. E., 2013, MNRAS, 432, 986
Parker R. J., Goodwin S. P., 2015, MNRAS, 449, 3381
Parker R. J., Wright N. J., 2016, MNRAS, 457, 3430
Parker R. J., Wright N. J., Goodwin S. P., Meyer M. R., 2014,
MNRAS, 438, 620
Parker R. J., Dale J. E., Ercolano B., 2015, MNRAS, 446, 4278
Parker R. J., Goodwin S. P., Wright N. J., Meyer M. R., Quanz
S. P., 2016, MNRAS, 459, L119
Portegies Zwart S. F., Verbunt F., 1996, A&A, 309, 179
Portegies Zwart S. F., Verbunt F., 2012, Astrophysics Source
Code Library, p. 1003
Portegies Zwart S. F., Makino J., McMillan S. L. W., Hut P.,
1999, A&A, 348, 117
Portegies Zwart S. F., McMillan S. L. W., Hut P., Makino J.,
2001, MNRAS, 321, 199
Salpeter E. E., 1955, ApJ, 121, 161
Tan J. C., Beltra´n M. T., Caselli P., Fontani F., Fuente
A., Krumholz M. R., McKee C. F., Stolte A., 2014,
Protostars and Planets VI, pp 149–172
Tout C. A., Pols O. R., Eggleton P. P., Han Z., 1996, MNRAS,
281, 257
Wright N. J., Parker R. J., Goodwin S. P., Drake J. J., 2014,
MNRAS, 438, 639
Zinnecker H., 1982, Annals of the New York Academy of Sciences,
395, 226
Zinnecker H., Yorke H. W., 2007, ARA&A, 45, 481
MNRAS 000, 1–12 (2016)
